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Although activation of hedgehog (Hh) signaling has 
been shown to induce osteogenic differentiation in vitro 
and bone formation in vivo, the underlying mechanisms 
and the potential use of Hh-activated mesenchymal 
progenitors in bone defect repair remain elusive. In this 
study, we demonstrated that implantation of periosteal- 
derived mesenchymal progenitor cells (PDMPCs) that 
overexpressed an N-terminal sonic hedgehog peptide 
(ShhN) via an adenoviral vector (Ad-ShhN) restored peri- 
osteal bone collar formation in a 4-mm segmental bone 
allograft model in immunodeficient mice. Ad-ShhN 
enhanced donor cell survival and microvessel formation 
in collagen scaffold at 2 weeks after surgery and induced 
donor cell-dependent bone formation at 6 weeks after 
surgery. Fluorescence-activated cell sorting analysis fur- 
ther showed that Ad-ShhN-PDMPC-seeded scaffold con- 
tained a twofold more CD45-Sca-1 + CD34+VEGFR2+ 
endothelial progenitors than Ad-LacZ-PDM PC-seeded 
scaffold at day 7 after surgery. Ad-ShhN-transduced 
PDMPCs induced a 1.8-fold more CD31+ microvessel 
formation than Ad-LacZ-transduced PDMPCs in a cocul- 
ture of endothelial progenitors and PDMPCs. Taken 
together, our data show that overexpression of ShhN in 
mesenchymal progenitors improves bone defect recon- 
struction by enhancing donor progenitor cell survival, 
differentiation, and scaffold revascularization at the site 
of compromised periosteum. Hh agonist-based therapy, 
therefore, merits further investigation in tissue engineer- 
ing-based applications aimed at enhancing bone defect 
repair and reconstruction. 
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INTRODUCTION 

Repair and reconstruction of large bone defects remain a challeng- 
ing clinical problem. Current management of bone defect repair 
often involves the use of bone graft materials. Each year more than 
500,000 bone graft procedures are performed in the United States, 
and more than 2.2 million are performed annually worldwide. 1 
Although an autograft is considered as the "gold standard," the 



use of an autograft is limited due to its associated donor site mor- 
bidity and the restricted availability for large bone defect repair. 
Compared with autografts, allografts are often available in desired 
size, shape, and quantity. Cortical bone allografts further provide 
immediate support for structural bone defect reconstruction. 
However, due to the absence of osteogenic cells, bone allografts are 
inferior in new bone induction and revascularization. A 10-year 
failure rate of cortical allograft transplantations is reported at 60% 
due to nonunions, infection, and propagation of microdamages in 
devitalized bone. 2,3 A novel approach to revitalize structural bone 
allografts has been proposed. 4 The approach centers on engraft - 
ment of bone-forming cells around bone allografts, mimicking 
periosteal response in autograft repair. 5-9 The key to the success of 
this approach is to create a tissue-engineered periosteum replace- 
ment carrying osteogenic and angiogenic signals capable of reca- 
pitulating the effective repair elicited by periosteum. 

To the end of identifying critical osteogenic and angiogenic 
signals underlying periosteum-initiated repair and reconstruc- 
tion, we recently isolated a population of mesenchymal progeni- 
tor cells from the healing autograft periosteum (PDMPCs). These 
cells express typical MPC markers such as Sca-1, SSEA4, CD 105, 
and CD 140b. They can further give rise to multiple cell types, such 
as osteoblasts, chondrocytes, and adipocytes in vitro. Examination 
of the osteogenic differentiation of these cells shows that activa- 
tion of Hh pathway leads to marked induction of osteoblasts in 
vitro and copious bone formation in vivo. Using a loss-of-function 
approach to delete the receptor of all Hh ligands, smoothened-1, 
we further show that Hh activation is required for effective perios- 
teum-dependent bone graft repair and reconstruction. 10 

As a family of key morphogens in embryonic development, 
hedgehogs, such as Indian hedgehog (Ihh) and Sonic hedgehog 
(Shh), are known to play key roles in skeletal formation and 
osteoblast development. 11 Both Ihh and Shh have been shown to 
induce osteogenic differentiation of MPC lines through induction 
of RUNX2, an essential transcriptional factor for osteoblast dif- 
ferentiation and bone formation. 12 In addition to bone formation, 
the hedgehog pathway has also been intimately linked to vascular 
formation and angiogenesis. 13 Ihh is implicated in blood island 
formation and early yolk sac angiogenesis, 14 whereas Shh is criti- 
cal for the assembly of angioblasts (endothelial precursors) into 
blood vessel network, a process known as vasculogenesis during 
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embryonic development. 15,16 Hedgehog signaling is active in adult 
coronary vasculature, and disruption of Hh signaling led to loss of 
coronary blood vessels and subsequent cardiomyocyte cell death 
in mice. 17 The hedgehog signaling is induced during injury and 
in ischemic tissues. Delivery of Shh improves the repair of isch- 
emic myocardium by promoting angiogenesis and microvascular 
remodeling. 18-20 

The combined effects of hedgehog on osteogenesis and angio- 
genesis warrant further investigation for the use of Hh agonists 
in bone defect repair and reconstruction. To this end, we used an 
ex vivo hedgehog gene therapy approach and implanted PDMPCs 
that overexpressed an N-terminal peptide of human sonic hedge- 
hog (ShhN) around a devitalized bone allograft via a collagen 
scaffold. The treated allograft was used to repair a 4-mm segmen- 
tal defect created in the immuno deficient mouse femurs. Our 
results demonstrated that overexpression of ShhN in periosteal 
cells markedly enhanced donor cell survival and revascularization 
of the scaffold at the site of repair, leading to a complete restora- 
tion of periosteal bone formation around bone allografts. 

RESULTS 

Implantation of ShhN-overexpressing PDMPCs 
restores periosteal bone collar formation around 
devitalized bone allografts 

The effects of ShhN on osteogenic differentiation of PDMPCs were 
examined. Adenovirus-mediated gene transduction led to -45,000- 
fold induction of human ShhN gene expression in PDMPCs 
(Figure la). Overexpression of ShhN markedly enhanced osteogenic 
differentiation of PDMPCs as evidenced by enhanced alkaline phos- 
phatase staining (Figure lb) and increased expression of osteogenic 
genes such as RUNX2 and osteocalcin (Figure lc,d). Overexpression 
of ShhN further enhanced the level of RUNX2 protein in the west- 
ern blot analyses (Supplementary Figure SI). In addition to the 
enhanced expression of osteogenic genes, a strong induction of 
angiogenic genes such as ANG1, ANG2, ANG4, and VEGF was also 
observed in cells transduced with Ad-ShhN (Figure le-h). 

To enable tracking of the donor cells, PDMPCs were iso- 
lated from green fluorescence protein (GFP) -transgenic mice. 
Adenoviral transduced PDMPCs were loaded onto collagen 
scaffolds and wrapped around devitalized bone allografts in 
immuno deficient mice. Healing of the allografts treated with 
Ad-ShhN-PDMPCs or Ad-GFP-PDMPCs was examined. X-ray 
analyses showed limited bone callus formation at the host side of 
cortical bone junction in allografts treated with Ad-GFP-PDMPCs 
6 weeks following implantation. By contrast, in allografts treated 
with Ad-ShhN-PDMPCs, a complete bridging callus was observed 
around the bone allograft (Figure 2a). MicroCT 3D reconstruc- 
tion of the allograft at 6 weeks showed that the allograft engrafted 
with Shh-overexpressing PDMPCs formed a contiguous perios- 
teal collar bone callus around allograft (Figure 2b, top panel). 
Quantitative volumetric analyses showed a 4.6-, 2.5, and 3.5-fold 
increase of new bone formation at the donor site, the host site, 
and the total callus, respectively, in Ad-ShhN-PDMPC-treated 
allografts as compared with the control Ad-GFP-PDMPC-treated 
allografts (Figure 2c; P < 0.05; n = 6). 

Histologic analyses showed that Ad-GFP-PDMPC-treated 
allograft had minimal periosteal bone formation at the donor site, 



with persistent collagen scaffold around allograft (Figure 2d, ^indi- 
cates scaffold). By contrast, Ad-ShhN-PDMPC-treated allograft 
formed a contiguous bone callus across the entire length of the 
donor bone (Figure 2e, indicated by arrows). The scaffold was 
largely absorbed and the callus was reconstituted with bone marrow. 
Histomorphometric analyses at 6 weeks showed a 4.6-fold increase 
in bone formation and a 3. 5 -fold decrease in fibrotic tissue at the 
donor site (Figure 2f; P < 0.05; n = 6). In the host side callus, bone 
formation was increased by 35% and fibrotic issue was reduced by 
63% in Ad-ShhN-PDMPC-treated allografts (Figure 2g; P < 0.05; n 
= 6). Persistent cartilage observed at the cortical bone junction in the 
control allografts was completely eliminated in Ad-ShhN-PDMPC- 
treated allografts (Figures 2f,g; P < 0.05; n = 6). 

ShhN overexpression promotes neovascularization, 
enhanced donor cell survival, and donor cell- 
dependent bone formation 

GFP + donor cells were tracked at the repair sites for a period of 6 
weeks using immunohisto chemistry. In Ad-GFP-PDMPC-treated 
allografts, only a small number of donor progenitor cells were 
detected in collagen scaffold at 2 weeks (Figure 3a,e,i,m). Most of 
the cells were found at the cortical bone junction or close to the 
surface of the scaffold (Figure 3a,i). A few of the donor cells were 
incorporated into bone and cartilage tissues at the cortical bone 
junction (Figure 3e,i, arrow in i). Sparsely distributed cells were 
found in the scaffold further away from the junction (Figure 3m). 
By contrast, in Ad-ShhN-PDMPC-treated allografts, abundant 
GFP + cells were found throughout the collagen scaffold at 2 weeks 
after surgery (Figure 3b,f,j,n). At a higher magnification, dense 
GFP + cellular layers were observed in the scaffold (Figure 3j). By 6 
weeks, abundant GFP + cells were found to be incorporated into the 
new bone matrix at the donor site (Figure 3h,l). At a higher mag- 
nification, GFP + osteocytes and osteoblasts were readily identified 
along new bone surface and within bone matrix in the periosteal 
callus (Figure 3p, arrows). By contrast, in Ad-GFP-PDMPC- 
treated allografts (Figure 3c,g,k,o), GFP + cells were found scat- 
tered within the scaffold at the donor site (Figure 3k). A few of 
them were found embedded within poorly differentiated cartilage 
tissue (Figure 3k, arrow). At a higher magnification, the majority 
of GFP + cells in the collagen scaffold were seen as undifferentiated 
elongated fibroblastic cells (Figure 3o). No GFP + osteoblasts or 
osteocytes were identified in the densely packed scaffold. 

Microvessel formation within the collagen scaffold was 
examined. Immunohistochemical staining of CD31 demon- 
strated a marked increase in CD31 + microvessel formation in 
Ad-ShhN-PDMPC-seeded scaffold as compared with the control 
Ad-GFP-PDMPC-seeded scaffold at 2 weeks after implantation 
(Figure 4a,c vs. 4b,d). Many of the vessels found in Ad-ShhN- 
PDMPC scaffold had larger, more mature lumens containing red 
blood cells (Figure 4d, arrows). Quantification of the numbers 
of microvessels within the scaffold showed a threefold increase 
in Ad-ShhN-PDMPC scaffold as compared with the control 
(Figure 4g; P < 0.05; n = 4). With enhanced vascularity, TRAP + 
cells were also found to be increased within collagen scaffold 
(Figure 4e,f). Quantification analyses showed a 10-fold increase 
in the number of TRAP+ cells in Ad-ShhN-PDMPC scaffold as 
compared with the control (Figure 4h; P < 0.05; n = 4). 



Molecular Therapy vol. 22 no. 2 feb. 2014 



431 



Sonic Hedgehog Restores Periosteal Bone Formation 



© The American Society of Gene & Cell Therapy 



Ad-ShhN 




Ad-GFP 



Ad-ShhN 



Ad-GFP 



Ad-ShhN 




Ad-GFP 



Ad-ShhN 



Ang4 




Ad-GFP 



Ad-ShhN 



20 ■ 

c 

o 

'(/) 
CO 

a? 15 ■ 

CL 

s 

S 10- 

DC 
E 

.1 5- 



■5 2.5- 

CO 

0 

g- 2 ■ 

o 

§ 1.5 

DC 

> 

1 0.5- 

DC 

0 ■ 



Ang2 



Ad-GFP 



Ad-ShhN 



VEGF 



Ad-GFP 



Ad-ShhN 



Figure 1 Induction of osteoblastic differentiation of periosteal-derived mesenchymal progenitor cells (PDMPCs) by N-terminal sonic hedge- 
hog peptide (ShhN) via an adenoviral vector (Ad-ShhN). (a) Reverse transcriptase-polymerase chain reaction analyses demonstrate strong induc- 
tion of the transgene ShhN in PDMPCs transduced with Ad-ShhN. (b) Marked induction of osteogenic differentiation of ShhN-overexpressing PDMPCs 
is shown by alkaline phosphatase staining, and (c) osteogenic and angiogenic gene expression at day 7 (C-H). All gene expressions were normalized 
to (3-actin and presented as relative to that observed in cells transduced with adenovirus-containing green fluorescent protein (Ad-GFP) or Ad-ShhN. 



ShhN overexpression enhances revascularization 
of collagen scaffold through promotion of the 
morphogenesis of endothelial progenitors from the 
peripheral tissues, such as skeletal muscles and fat 

The rapid induction of microvessel formation in Ad-ShhN- 
PDMPC scaffold prompted us to investigate the potential 
effects of ShhN on recruitment and morphogenesis of endo- 
thelial progenitors from the surrounding tissues of perios- 
teum, such as skeletal muscles or subcutaneous fat. It has been 
shown that both tissues contained abundant endothelial pro- 
genitors. 21,22 To determine whether ShhN could recruit more 
endothelial progenitors into the scaffold and further enhanced 
the assembly of microvessels, we first characterized different 
fractions of mononuclear cells isolated from muscle and fat 



using fluorescence-activated cell sorting (FACS). Culturing of 
different fractions of the mononuclear cells from muscle and 
fat in Matrigel showed that CD45"Sca-l + CD34 + and CD45" 
Sca-1 + CD34 + VEGFR2 + cells were capable of forming abun- 
dant and robust CD31 + microvessels in vitro (Supplementary 
Figure S3 and Figure 5a2, b2). FACS analyses showed that 
muscle and fat contained an average of 7.7 and 5.8% CD45 - 
Sca-1 + CD34 + VEGFR2 + endothelial progenitors, respectively, 
in the mononuclear cell preps (Figure 5al,bl, arrows). In com- 
parison, fewer CD45"Sca-l + CD34 + VEGFR2 + cells were iden- 
tified in bone marrow (Supplementary Figure S2). 

Next we examined the frequency of CD45~Sca- 
1+CD34+VEGFR2+ endothelial progenitor cells in Ad-LacZ- 
PDMPC- or Ad-ShhN-PDMPC-seeded collagen scaffold at 
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Figure 2 Overexpression of ShhN in periosteal-derived mesenchymal progenitor cells (PDMPCs) restores periosteal bone formation in seg- 
mental allograft transplantation model, (a) X-ray and (b) MicroCT imaging show marked induction of periosteal bone callus formation in Ad-ShhN- 
PDMPC-treated allografts at 6 weeks following implantation, (c) Quantitative analyses show enhanced bone volume at host side and graft side, n = 
6; *P< 0.05. (d) Histology shows poor osseointegration at the cortical bone junctions in allografts engrafted with Ad-GFP-PDMPCs. Collagen scaffold 
(indicated with *) persists at the site of implantation. By contrast, (e) in allografts treated with Ad-ShhN-PDMPCs, periosteal collar bone (arrows) was 
restored across the entire length of allograft with near complete reconstitution of bone marrow in the callus. Quantitative histomorphometric analyses 
further illustrate increased bone formation and decreased fibrotic tissue in allografts treated with Ad-ShhN-PDMPCs at (f) the donor side and (g) host 
site, n = 6; *P< 0.05. Ad-GFP, adenovirus-containing green fluorescent protein; AD-ShhN, N-terminal sonic hedgehog peptide via an adenoviral vector. 



day 7 following surgical implantation. FACS analyses show that 
Ad-ShhN-PDMPC scaffold contained a 2.4-, 1 .8-, and 2. 1 -fold more 
CD45-CD34+VEGFR2+ CD45"Sca-l + VEGFR2 + , or CD45" 
Sca-1 + CD34 + VEGFR2+ endothelial progenitors than Ad-LacZ- 
PDMPC scaffold (Figure 6a,b; P < 0.05; n = 3). To determine 
whether ShhN overexpression could affect the differentiation and 



morphogenesis of the endothelial progenitors from the periph- 
eral tissues, we cocultured CD45~Sca-l + CD34 + endothelial 
progenitor cells with Ad-ShhN-PDMPCs. Our data showed that 
Ad-ShhN-transduced PDMPCs significantly increased CD31 + 
microvessel formation by 1.8-fold as compared with the control 
Ad-LacZ-PMDPCs (Figure 6e; n = 4; P < 0.05). Compared with 
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Figure 3 Overexpression of ShhN enhances survival and osteogenic differentiation of the donor periosteal-derived mesenchymal progeni- 
tor cells (PDMPCs). PDMPCs were isolated from green fluorescent protein (GFP) transgenic mice. Cells transduced with (a,e,i,m,c,g,k,o) Ad-GFP 
or (b,f,j,n,d,h,l,p) Ad-ShhN were implanted around bone allografts. GFP immunohistochemical staining was performed on samples harvested at 
(a, b,e,f, i,j,m,n) 2 weeks and (c,d,g,h,k,l,o,p) 6 weeks after implantation (original magnification x 1 .25). Boxed regions in a-d are illustrated at 
a higher magnification (original magnification x 10) in e-h) for H&E/Alcian Blue staining and i-l for GFP immunohistochemistry. Host and donor 
sites are marked by dashed line in e-h and i-l. Of note are the formation of dense layers of GFP + cells at 2 weeks (F&J) and induction of bone 
formation at 6 weeks (H&L) in Ad-ShhN-PDMPC-treated allograft. In control PDMPC-treated allograft, GFP + cells are sparsely distributed at the 
cortical bone junctions or incorporated into host cartilaginous callus at 2 weeks (arrow in i) and 6 weeks (arrow in k). Boxed regions in i-l are further 
illustrated at original magnification x 40 in m-p, respectively. In (n) Ad-ShhN-PDMPC-seeded collagen scaffold, GFP + cells are densely repopulated 
as compared with (m) the Ad-GFP-PDM PC-seeded collagen scaffold at 2 weeks. By 6 weeks, abundant GFP + cells are shown embedded within 
bone matrix and along new bone surface (arrows in p) in Ad-ShhN-PDMPC-treated allograft, (d) In the control allografts, the majority of GFP + cells 
remain undifferentiated and are shown trapped in the scaffold. Ad-GFP, adenovirus-containing GFP; Ad-ShhN, N-terminal sonic hedgehog peptide 
via an adenoviral vector. 



the controls, Ad-ShhN-transduced cells visibly induced the forma- 
tion of more microvessel branches with more complex morphol- 
ogy and network in vitro (Figure 6c,d). 

DISCUSSION 

To exploit the use of hedgehog agonist as an osteogenic and angio- 
genic agent for bone defect repair and reconstruction, in this 
study, we used an ex vivo gene therapy approach overexpressing an 
N-terminal peptide of human Shh in PDMPCs. To determine the 
efficacy of progenitor cell-based gene therapy, an immune- deficient 
mouse model was used to test the effects of ShhN on donor and 



host cells. Ad- GFP- PDMPC-treated devitalized allografts showed 
absence of periosteal bone formation and poor osseointegration 
at the cortical bone junctions, similar to allograft transplantation 
in immunocompetent mice. 5,6,23 By contrast, Ad-ShhN-PDMPC- 
treated allografts completely restored periosteal collar bone forma- 
tion and markedly improved osseointegration of the allografted 
bone. Further analyses showed that ShhN significantly enhanced 
donor cell survival and donor cell-dependent bone formation at 
the site of repair. ShhN additionally promoted the recruitment and 
morphogenesis of peripheral endothelial progenitors, leading to 
rapid revascularization of the cellular scaffold. 
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Figure 4 ShhN enhances rapid revascularization of periosteal- 
derived mesenchymal progenitor cell (PDMPC) collagen scaffold 
in vivo. (a,b) H&E and (c,d) immunohistochemical staining of CD31 + 
vessels show enhanced microvessel formation in (b,d) Ad-ShhN- 
P DM PC-seeded collagen scaffolds as compared with (a,c) the controls 
at 2 weeks after surgery. TRAP staining shows more TRAP" 1 " cells in (f) 
Ad-ShhN-PDMPC-seeded scaffolds than (e) the controls. Quantitative 
analyses of (g) microvessels and (h) TRAP" 1 " cells in the scaffold are illus- 
trated, n = 4; *P< 0.05. Ad-GFP, adenovirus-containing GFP; Ad-ShhN, 
N-terminal sonic hedgehog peptide via an adenoviral vector. 

Hedgehog pathway is essential for long bone development and 
perichondral collar bone formation. 24,25 Our previous study fur- 
ther shows that Hedgehog pathway is required for postnatal long 
bone defect healing that implicates periosteum. 10 By implantation 
of PDMPCs overexpressing ShhN in a bone allograft model, here 
we provide further evidence to show that activation of Hh pathway 
in MPCs effectively enhances long bone defect repair and recon- 
struction. By tracking the donor cell fate for a period of 6 weeks, we 
demonstrated that ShhN markedly enhanced donor cell survival, 
repopulation, and differentiation in the scaffold. Without ShhN 
stimulation, only a few PDMPCs survived in the scaffold, with a 
small proportion of the cells incorporated into cartilage or bone 
at the cortical bone junction. The majority of the donor PDMPCs 
remained as undifferentiated fibroblastic cells in the scaffold at 6 
weeks after implantation. By contrast, ShhN-transduced PDMPCs 
exhibited better survival capability and quickly repopulated the scaf- 
fold, with a large number of cells differentiating into osteoblasts and 
participating in collar bone formation at the donor site (Figure 3). 
In addition to the direct effects on donor cells, our data also showed 



that Ad-ShhN-PDMPC treatment enhanced host bone callus for- 
mation, suggesting a paracrine effect of ShhN on host progenitor 
cells. In the allografts treated with control PDMPC, persistent car- 
tilaginous tissue was observed at the cortical bone junction 6 weeks 
after surgery (Figure 3g). By contrast, the persistent cartilaginous 
tissue was eliminated from the host and donor callus in Ad- ShhN - 
PDMPC-treated allografts, indicating an improved endochondral 
bone formation at the cortical bone junction. As a result of the 
elimination of the residue cartilage, Ad-ShhN-PDMPC-treated 
allografts demonstrated better osseointegration at the cortical bone 
junction. Indeed, due to the lack of a cholesterol-binding site, ShhN 
peptide is shown to be able to diffuse to a greater distance than the 
native protein. 26 This unique property of ShhN favors postnatal 
repair, which is less dependent on a morphogen gradient. Similar 
to ShhN, a number of therapeutic genes, such as BMPs and VEGF, 
have been previously demonstrated to elicit both paracrine and 
autocrine effects on repair of large bone defect. 6,27,28 

Besides enhancing cellular survival and differentiation, our 
data further showed that Hh overexpression induced rapid revas- 
cularization of the scaffold at the site of repair. The enhanced 
neovascularization is associated with the induction of several key 
angiogenic gene expression, such as VEGF, ANG1, ANG2, and 
ANG4 in PDMPCs (Figure 1). VEGF signaling is linked with Hh 
pathways in vascular patterning. 16,29 In addition to VEGF, Hh sig- 
naling is also known to regulate both ANG1 and A2VG2. 30,31 ANG1 
promotes angiogenesis and arteriogenesis, whereas both ANG2 
and ANG4 are classified as antagonists of ANG1-Tie2 signaling 
during development. However, despite an antagonizing role of 
ANG2 during development, recent data have shown that ANG2 
is required for postnatal remodeling of the vessels. 32 ANG2 can 
further exert proangiogenic functions and enhance vessel sprout- 
ing in a Tie2-independent manner via activation of integrins/focal 
adhesion kinase signaling in endothelial tip cells. 33 The function 
of ANG4 is less well studied. Nevertheless, it is shown that ANG4 
can induce angiogenesis in vivo in the mouse corneal micropocket 
assays. 34 Future experiments are needed to establish the role of 
angiopoietin genes in Hh-induced neovascularization. 

In addition to the induction of angiogenic factors by ShhN, 
our current data further suggest a novel mechanism that involves 
the recruitment of endothelial progenitors from the peripheral tis- 
sues such as fat and muscles. It has been shown that exogenous 
administration of Shh accelerates the repair of ischemic myo- 
cardium by enhancing the recruitment of bone marrow- derived 
endothelial progenitor cells to the injury site. 35 A similar mecha- 
nism is further noted in diabetic skin wound closure treated with 
Shh protein. 36 By comparing the frequency of endothelial pro- 
genitors from bone marrow, muscle, and fat, we found that bone 
marrow contained fewer endothelial progenitors than muscles 
and subcutaneous fat 22 (Supplementary Figure S2). By con- 
trast, CD45"CD34 + Sca-1 + VEGFR2+ cells constituted 5-10% of 
the isolated mononuclear cell populations in muscle and fat. The 
presence of abundant endothelial progenitors in surrounding soft 
tissues suggests the potential involvement of these cells in rapid 
vascularization of the scaffold. In support of this notion, we pro- 
vided evidence to show that Ad-ShhN-PDMPC scaffold contained 
more CD45~CD34 + Sca-1 + VEGFR2 + endothelial progenitor cells 
than Ad-LacZ-PDMPC scaffold at day 7 after transplantation 
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Figure 5 Muscle and subcutaneous fat contain abundant endothelial progenitors. Fluorescence-activated cell sorting (FACS) analyses on mono- 
nuclear cells derived from (al) skeletal muscle and (bl) subcutaneous fat. Higher percentages of CD45~Sca-1 + CD34 + VEGFR2 + cells (arrows in al 
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(Figure 6). Furthermore, ShhN overexpression significantly 
enhanced the formation and morphogenesis of CD31 + microves- 
sels in coculture of CD45 - CD34 + Sca-1 + endothelial progenitors 
with PDMPCs, demonstrating the advantage of using ShhN- 
transduced mesenchymal progenitors in revascularization of the 
scaffold. The data from this study are consistent with those from 
several recent reports that show a synergistic effect of Shh in vitro 
on osteogenesis and angiogenesis. 37,38 



A marked increase of TRAP + osteoclasts in Ad-ShhN- 
PDMPC-seeded collagen scaffold at 2 weeks postimplantation was 
also noticed (Figure 4). ShhN overexpression has been shown to 
increase the OPG/RANKL ratio in bone marrow stromal cells. 39 In 
this study, we found that Ad-ShhN increased OPG/RANKL ratio by 
fivefold (data not shown), consistent with the probone formation 
effects of ShhN on PDMPCs. It has been shown that osteoclasts can 
be recruited to the scaffold in vivo and participate in the resorption 
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Figure 6 Ad-ShhN-PDMPC collagen scaffold contain more endothelial progenitors at day 7. Cells were isolated from Ad-LaZ-PDMPC-collagen scaf- 
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of scaffold. 40 Hence, the increased number of TRAP + osteoclasts in 
collagen scaffold is likely due to the increased neovascularization 
and enhanced calcification of Ad-ShhN-PDMPC-seeded scaf- 
folds. The increased TRAP + osteoclasts further contribute to the 
rapid resorption of the collagen scaffold. 

Periosteum has been shown to exhibit strong regenerative 
capacity in vitro and in v/vo. 41,42 Ex vivo culture-expanded PDMPCs 
from human and animals have also been shown to enhance bone 
formation and bone defect repair. 43,44 However, culture-expanded 
mesenchymal progenitors often requires seeding on calcium con- 
taining scaffold, which could enhance osteogenic differentiation of 
the seeded cells. 45 Without calcium, one recent report shows that 
ex vivo expanded mesenchymal progenitors, regardless of their 
sources, have limited advantage in repair of critical bone defect. 46 It 
is worth noting that a noncalcium- containing collagen sponge was 
used as scaffold in this study. In these types of nonosteoinductive 
scaffold, we found only a modest contribution of PDMPCs to carti- 
lage/bone formation at the cortical bone junction in the absence of 
ShhN, indicating that transplantation of culture-expanded perios- 
teal MPCs alone is not sufficient to induce effective periosteal bone 
formation. Taken together, our data demonstrate that enhancing 
the survival and osteogenic differentiation of the donor MPCs 
and using an adequate osteoinductive scaffold are prerequisites for 
inducing sufficient bone formation for repair and reconstruction 
of large bone defects. 

In summary, we demonstrate that overexpression of hedge- 
hog agonist ShhN in PDMPCs restores periosteal bone formation 
in bone allograft transplantation model. The induction of bone 
formation is donor cell dependent. ShhN further improves host 
bone formation and host-dependent vascular micro environment 
by enhancing endothelial progenitor cell infiltration and rapid 
revascularization of the scaffold. This study therefore provides 
strong rationale for the use of Hh agonists in tissue-engineering 



applications to engender a periosteum replacement for enhanced 
bone defect repair and reconstruction. Further investigation using 
immunocompetent mice and large animal models will help in 
determining the translatability of this study to human. 

MATERIALS AND METHODS 

Animals and reagents. C57BL/6, GFP transgenic mice were purchased from 
the Jackson Laboratory (Bar Harbor, Maine). Immunocompromised mice 
(bg-nu/nu-xid) were purchased from Harlan Sprague Dawley (Frederick, 
MD). All surgical interventions were approved by the Institutional Animal 
Care and Use Committee at the University of Rochester. Adenoviruses 
encoding green fluorescence protein or N-terminal peptide of human Shh 
(Ad-ShhN) were purified as previously described. 10 Ad-LacZ was purchased 
from Vector Development Lab at Baylor College of Medicine (Houston, TX). 

Segmental bone allograft surgery. A segmental femoral bone allograft 
transplantation model, described previously, 5,6,23,47 was used to determine 
the effects of ShhN on bone repair and reconstruction. Briefly, a 10- week- 
old mouse was anesthetized via intraperitoneal injection of Ketamine and 
Xylazine. A 4-mm mid-diaphyseal segment was removed from the femur 
of the donor mice using a sharp diamond- cutting wheel attached to a cord- 
less dremel. A 4-mm devitalized bone allograft was inserted to repair a 
same sized segmental defect created in mid-diaphyseal region of the mouse 
femur. The transplanted allograft was stabilized by a 22G stainless pin placed 
through the intramedullary marrow cavity. All allografts were harvested 
from 129S1 mice, cleaned, and processed in 75% ethanol to remove cellular 
debris as previously described. 6 All allografts were stored at -80 °C until use. 

Isolation of PDMPCs. To enable tracking of the donor cell fate, PDMPCs 
were isolated from GFP transgenic mice as previously described. 10,48 Briefly, 
live bone autograft transplantations were performed in GFP transgenic 
mice. At least 10 donor autografts were collected at day 5 after transplanta- 
tion. Periosteum tissues were scraped off and pooled in a Petri dish. After 
digestion with Collagenase D (Roche Applied Science, Indianapolis, IN) at 
a concentration of 1 mg/ml for 1 hour, cells released from periosteal tissues 
were pooled and cultured in oc-MEM medium containing 1% penicillin 
and streptomycin, 1% glutamine, and 20% fetal bovine serum (FBS). Once 
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confluent, cells were trypsinized and further expanded in oc-MEM medium 
containing 10% FBS. Periosteal cells from fourth and fifth passage were col- 
lected and used for all experiments. 

Viral transduction and engraftment ofPDMPCs around bone allografts. 

PDMPCs were infected with Ad-GFP or Ad-ShhN at a multiplicity of infec- 
tion of 100. A total of 1 x 10 6 cells were seeded onto a collagen scaffold (Cat 
no. 354613, BD Biosciences, San Jose, CA) and wrapped around a bone 
allograft. The treated bone allograft was used to repair a 4-mra segmental 
bone defect created in the immunodeficient mice. A total of 20 immuno- 
deficient mice were split into two experimental groups: allografts treated 
with Ad-GFP-PDMPCs or allografts treated with Ad-ShhN-PDMPCs. 
Four animals from each group were harvested at 2-week postsurgery for 
cell tracking and vascular analyses. The remaining six mice per group were 
harvested at 6 weeks for histologic and MicroCT analyses. 

Histomorphometric analyses of bone graft healing. Paraffin- embedded 
tissue sections were prepared by H&E/Alcian Blue staining as previously 
described. 5 Histomorphometric analyses were performed using at least 
three nonconsecutive sections of each sample, 50 \im apart in the cen- 
ter region of the callus. The percentages of bone, cartilage, and fibrotic 
tissue formation at the side of donor and host were determined using 
Osteometries, which allows interactive tracing of the area of new bone, 
cartilage, and fibrotic tissue (total callus subtracted from bone and carti- 
lage tissue). A detailed description of the analyses can be found in a pre- 
vious publication. 23 Briefly, a line was drawn in the middle of the distal 
or proximal junctions between graft and host bone to separate new bone 
formation on the surface of the graft and the host bone. Areas of bone, 
cartilage, and fibrotic tissue on the side of the host or graft were measured 
separately at both ends to evaluate host and graft bone formation. 

Volumetric MicroCT analyses for bone graft healing. Femurs were har- 
vested at 6 weeks and scanned by a Viva MicroCT system (Scanco Medical, 
Fabrikweg, Switzerland) at a voxel size of 10.5 p. From the two-dimen- 
sional slice images generated, an appropriate threshold was chosen for the 
bone voxels by visually matching thresholded areas to gray-scale images. 
Each sample was contoured around the external callus and along the edge 
of the cortical bone, excluding the marrow cavity. New bone volume was 
measured on the surface of the host and donor bone, as well as in the total 
callus in grafted samples as previously described. 6 

Immunohistochemical staining to examine donor cell fate and microves- 
sel formation at the site of repair. Immunohistochemical staining for GFP 
or CD31 was performed separately on paraffin-embedded tissue sections 
using a MaxPoly-Two Polymer HRP Mouse Detection Kit (MaxVision 
Biosciences, Seattle, WA). Primary antibodies for GFP (ab6673) and mouse 
CD3 1 (ab28364) were purchased from Abeam (Cambridge, UK) and used 
in the staining. To determine the number of microvessels in the scaffold 
region, CD31 + vessels consisting of at least three cells with a lumen struc- 
ture were counted. The mean of the three nonconsecutive sections from 
each allograft sample, harvested at 2 weeks after implantation, was used to 
determine revascularization of the scaffold. At least four allograft samples 
in each group were used to quantify the number of microvessels per mm 2 
area of the scaffold. 

Quantitative real-time polymerase chain reaction analyses. Total RNA 
was prepared using a Qiagen RNA extraction kit. Exactly 0.5 |^g of mRNA 
from four different samples was pooled and reverse transcribed to make 
single-strand cDNA, using a commercial first strand cDNA synthesis kit 
(Invitrogen). Quantitative reverse transcriptase-polymerase chain reac- 
tion reaction was performed using SyberGreen (ABgene, Rochester, NY) 
in a RotorGene real time polymerase chain reaction machine (Corbett 
Research, Carlsbad, CA). All gene expressions were normalized to (3-actin 
and presented as relative to that observed in cells transduced with Ad-GFP 
or Ad-ShhN. All primers used for the assessment can be found in previous 
publications. 10 - 48 ' 49 



Isolation and FACS sorting of endothelial progenitors from skeletal muscle, 
subcutaneous fat, and bone marrow. Endothelial precursors were isolated 
from the hind limb skeletal muscle of C57BL6 mice as previously described. 21 
Briefly, muscle was minced into small pieces, digested with a final concentration 
of 2 mg/ml Collagenase type IV (Worthington) supplemented with 2 mM CaCl 2 
in phosphate buffered saline (PBS) for 45 minutes at 37 °C. To eliminate con- 
nective tissue and fibers, samples were passed through 70 and 40 |im nylon cell 
strainers (BD Falcon, Franklin Lakes, NJ). The stromal vascular fraction of adi- 
pose tissue was isolated from subcutaneous fat as described. 50 Bone marrow cells 
were prepared by flushing the cells from long bone cavity 5 Mononuclear cells 
from muscle, fat, and bone marrow were washed, centrifuged, and resuspended 
in PBS containing 4% FBS for antibody staining. The following antibodies were 
used for FACS analyses and cell sorting: PerCP conjugated antimouse CD45 
(BD Pharmingen, San Jose, CA, Cat no. 557235), phycoerythrin-conjugated 
antimouse Sca-1 (eBioscience, Cat no. 12-5981-81), aUophycocyanin-conju- 
gated antimouse VEGFR2 (eBioscience, Cat no. 12-5921-80), and antimouse 
CD34 conjugated with Brilliant violet 421 (BD Pharmingen, Cat no. 562608). 
FACS analyses were performed using Canto II flow cytometer. Cell sorting was 
conducted using a 13-color Aria cell sorter Statler (BioRad, Hercules, CA). 

In vitro microvessel formation assay. Isolated cells were seeded in Matrigel 
(R&D) at a density of 5xl0 4 in EBM2 media (Lonza, Basel, Switzerland) 
in 8- well chamber slides (Corning, Corning, NY). The complete EBM2 
media supplemented with Lonza growth factor kit including GA100, 
rhFGF-B, rhEGF, VEGF, IGF1, ascorbic acid, heparin, and FBS were used 
for microvessel formation assay in Matrigel. After 3-7 days of culture, tube 
formation was inspected under an inverted light microscope. Isolated cells 
were also seeded on PDMPC monolayer culture in an 8-well chamber slide 
(Corning). In the coculture experiments, only basic EBM2 media were used 
for microvessel formation assays. After 3-7 days of coculture, capillary-like 
structure could be observed following CD31 immunofluorescent staining. 

Immunofluorescent staining of CD31 + vessel formation. Cells in the 
chamber slides were fixed with cold 4% paraformaldehyde for 1 hour at 
4 °C, followed by washing with PBSTX (0.3% triton X-100 in PBS) at room 
temperature, and blocking with PBSMT (3% BSA in 0.3% PBSTX) for 
1 hour at room temperature. The cultures were incubated with antimouse 
CD31 (BD Pharmingen, Cat no. 553373) overnight followed by extensive 
wash with 0.3% PBSTX at room temperature. The number of CD31 + -positive 
vessels was counted under a fluorescent microscope (Zeiss Axio Imager, 
Oberkochen, Germany). The average number of vessel fragments per mm 2 
culture area from four samples of each group was calculated and used for 
statistical analyses. The experiments were repeated three times in PDMPCs. 

Analyses of endothelial progenitor cell frequency in collagen scaffold. 

PDMPCs were isolated from wild-type mice. Cells were infected with con- 
trol adenovirus Ad-LacZ or Ad-ShhN at a multiplicity of infection of 100. 
A total of 1 x 10 6 cells were seeded onto a collagen scaffold and implanted 
into immunodeficient mice as previously described. 10 Three implants 
from control and ShhN-treated group were harvested 7 days after surgery. 
Tissues were minced into small pieces followed by digestion with 2 mg/ml 
Collagenase type IV (Worthington, Lakewood, NJ). Collected cells were 
passed through cell restrainers and immediately stained with indicated anti- 
bodies for FACS analyses. Frequencies of various populations of cells were 
analyzed and presented as means of three implants in each treatment group. 

Statistical analyses. All data are expressed as a mean value plus or minus 
the SEM. The statistical significance illustrated in Figures 1 and 6 between 
control adenovirus-transduced and Ad-ShhN-transduced PDMPC was 
determined using Student's £-test. The statistical significance illustrated 
in Figures 2 and 4 between Ad-GFP-PDMPC- and Ad-ShhN-PDMPC- 
treated allografts was determined using one-way analysis of variance and 
a Tukey's post hoc test. A P value <0.05 was considered statistically sig- 
nificant. Data analysis was performed using GraphPad Prism version 5.0 
(GraphPad Software, San Diego, CA). 
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SUPPLEMENTARY MATERIAL 

Figure SI. Western blot analyses show that PDMPCs transduced 
with ShhN have higher level of Runx2 protein. 

Figure S2. Bone marrow cells contain fewer endothelial progenitors. 
Figure S3. Mononuclear cells from adipose tissue or skeletal muscles 
contained abundant endothelial progenitors. 
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